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Oculomotor behavior contributes importantly to visual search. Saccadic eye movements can direct the fovea to potentially interesting
parts of the visual ﬁeld. Ensuing stable ﬁxations enables the visual system to analyze those parts. The visual system may use ﬁxation
duration and saccadic amplitude as optimizers for visual search performance. Here we investigate whether the time courses of ﬁxation
duration and saccade amplitude depend on the subject’s knowledge of the search stimulus, in particular target conspicuity. We analyzed
65,000 saccades and ﬁxations in a search experiment for (possibly camouﬂaged) military vehicles of unknown type and size. Mean sac-
cade amplitude decreased and mean ﬁxation duration increased gradually as a function of the ordinal saccade and ﬁxation number. In
addition we analyzed 162,000 saccades and ﬁxations recorded during a search experiment in which the location of the target was the only
unknown. Whether target conspicuity was constant or varied appeared to have minor inﬂuence on the time courses of ﬁxation duration
and saccade amplitude. We hypothesize an intrinsic coarse-to-ﬁne strategy for visual search that is even used when such a strategy is not
optimal.
 2007 Elsevier Ltd. All rights reserved.
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During visual search, eye movement parameters depend
on a large number of stimulus properties and idiosyncratic
factors. Jacobs (1986) and Jacobs and O 0Regan (1987)
showed a relation between visual span (the area that is ana-
lyzed during one ﬁxation) and saccade amplitude. Saccade
amplitude increases when the target is more salient. How
ﬁxation duration is aﬀected has been investigated too.
Hooge and Erkelens (1996, 1998) showed that ﬁxation
duration increases if target and distracters are made more
similar. They showed this in sparse stimuli with elements
arranged in an imaginary hexagonal grid. In a recent exper-
iment, Vlaskamp and colleagues (Vlaskamp, Over, &
Hooge, 2005) showed that, with smaller target-distracter0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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E-mail address: e.over@erasmusmc.nl (E.A.B. Over).dissimilarity, not only ﬁxation duration increases but also
saccade amplitude decreases. This last ﬁnding corresponds
to the result of Jacobs (1986). Therefore, a clear relation
exists between target conspicuity and eye movement
parameters: When the target is less conspicuous, saccade
amplitude decreases and ﬁxation duration increases. A
conspicuous target can be detected at a larger distance
from the point of ﬁxation than an inconspicuous target.
At equal eccentricities, a conspicuous target is detected fas-
ter than an inconspicuous target. We adopt the deﬁnition
of ‘‘conspicuity’’ proposed by Engel (1971, page 563):
‘‘We consider visual conspicuity to be an object factor.
More precisely, it is an object property in relation to its
background’’, and further on: ‘‘We deﬁne visual conspicu-
ity operationally as that combination of properties of a vis-
ible object in its background by which it attracts attention
via the visual system, and is seen in consequence.’’
Eye movement parameters and search performance do
not only depend on stimulus properties; they also depend
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ple, age. Mean ﬁxation duration increases with age (Harris,
Hainline, Abramov, Lemerise, & Camenzuli, 1988; Jer-
najczyk, Sobanska, Czerwosz, & Szatkowska, 2005). Other
examples of idiosyncratic factors inﬂuencing eye movement
parameters are acuity (Johnston, 1965) and the presence of
disorders such as macular degeneration (Bullimore & Bai-
ley, 1995).
Most of the factors mentioned above have been studied
extensively, especially the inﬂuence of stimulus properties.
However, a factor in saccadic search that is not as thor-
oughly investigated is the inﬂuence of the subject’s knowl-
edge of target conspicuity. The majority of eye movement
literature on visual search involves search with known target
conspicuity (for reviews see Davis & Palmer, 2004; Rayner,
1998; Viviani, 1990; Wolfe, 1998). Megaw and Richardson
(1979) studied the eﬀect of target uncertainty on search
times in experiments where subjects were relatively free to
choose their search strategies. When the target is one of sev-
eral possible items, target conspicuity is at least partially
unknown. Megaw and Richardson showed that mean
search time did not increase with target uncertainty in their
study, and neither did mean ﬁxation duration. However,
their analysis was not very sophisticated. Their results for
mean ﬁxation duration were based on ﬁxations during the
ﬁrst full scan of the display only. Moreover, a ﬁxation could
actually consist of several ﬁxations since they treated succes-
sive ﬁxations on the same item as one ﬁxation. They
reported no other aspects of eye movements than mean
ﬁxation duration. Scinto, Pillalamarri, and Karsh (1986)
also investigated aspects of target uncertainty during visual
search. They used ‘textons’ (items consisting of identical
spatial frequencies) arranged in a grid. The target textons
were ‘10’s among ‘S’s. The three conditions varied in the
number of textons that formed the target. The target group
consisted of 3, 6 or 9 ‘10’s. The number of target textons in
each trial was unknown. Their main questions were whether
subjects use cognitive strategies, and if they did whether the
experimenter could modify these strategies. They found (1)
no evidence for cognitive strategies, (2) no evidence for
external inﬂuence on search strategy, and (3) an increase
in ﬁxation duration and at the same time a decrease in sac-
cade amplitude as search continued to be unsuccessful. This
last ﬁnding does not ‘‘suggest any global or overall system-
atic search strategy, but rather only very general regulative
adjustment of ocular behavior applicable to many visual
information-processing tasks’’. They did seem to consider
this ﬁnding to be the result of the fact that target conspicuity
is at least partially unknown because the size of the target
texton group was variable.We expect that knowledge of tar-
get conspicuity may be an important factor for choosing
particular search strategies, and thereby also for the setting
of eye movement parameters. In this chapter we therefore
ask the question: How does eye movement strategy, as
reﬂected in eye movement parameters such as ﬁxation
duration and saccade amplitude, depend on the subject’s
knowledge of target conspicuity?To study the eﬀect of knowledge about target conspicu-
ity on human eye movement behavior we compared two
search conditions: search with varying target conspicuity
and search with constant target conspicuity. What is to
be expected for the search strategies in these two conditions
and how can we expect these strategies to be reﬂected in the
eye movement parameters ﬁxation duration and saccade
amplitude? In the following, we assume the existence of
an optimal strategy with respect to minimizing search time
and maximizing accuracy. We further assume that subjects
attempt to use this optimal strategy as good as they can.
1.1. Constant target conspicuity
When target conspicuity is equal in each trial, the opti-
mal eye movement parameters are also equal in each trial.
Subjects can determine the optimal settings and store them
in memory. Once the conspicuity of the targets is stored in
memory, the settings for saccade amplitude and ﬁxation
duration that lead to target detection can be used again
in all next trials. Target conspicuity is constant in, for
example, a blocked-design experiment with objects (one
target among distracters) that do not change over trials.
When these objects are arranged in a regular grid, object
locations are identical in each trial. The only unknown
parameter then is the target’s location in the grid. In the
ﬁrst trials, appropriate settings for ﬁxation duration and
saccade amplitude can be determined, and these can be
used in all following trials.
1.2. Varying target conspicuity
If target conspicuity is unknown in advance, and it is
uncertain whether the target can be found easily, it makes
sense to ﬁrst take the chance that the target is conspicuous.
If the target is conspicuous, search can be fast and may
take only little eﬀort, because the target can be found with
only a few, short ﬁxations and large saccades. If the target
appears to be inconspicuous, short ﬁxations and large sac-
cades do not suﬃce and eye movement parameters should
be changed so that it becomes possible to ﬁnd a less con-
spicuous target. Finding an inconspicuous target can be
accomplished by deploying smaller saccade amplitudes
and ﬁxations that last longer. Thus, more eﬀort has to be
put into the search. If we further assume that the transition
from relatively eﬀortless search to eﬀortful search is not a
step between two discrete states of search, but rather a
gradual change, then the time course of search can be
described as the result of a coarse-to-ﬁne process (see
below). If the visual system uses a coarse-to-ﬁne process,
then at ﬁrst analysis of visual information is fast at a coarse
spatial scale, and later analysis is slower at ﬁner spatial
scales. At the beginning of each search trial, ﬁxation dura-
tion is short and saccade amplitude is large. When the tar-
get is not found, ﬁxation duration will increase and saccade
amplitude will decrease, adapting to the apparent diﬃculty
of the stimulus at hand (see also Scinto et al., 1986). We
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‘‘Coarse’’ here refers to the eye movement parameter set-
tings that are optimal for conspicuous targets and ‘‘ﬁne’’
refers to eye movement parameter settings that are optimal
for inconspicuous targets.
Coarse-to-ﬁne algorithms are widely used, for example
in computer vision (Das & Ahuja, 1996), 3d shape registra-
tion (Tarel & Boujemaa, 1999), object identiﬁcation (Gu &
Tjahjadi, 2000), and face detection (Fleuret & Geman,
2001; Schneiderman & Kanade, 2000). Coarse-to-ﬁne algo-
rithms are very eﬃcient, especially when iterations are
involved (Atiquzzaman, 1999). A computer model designed
to generate eye movements during visual search based on
the coarse-to-ﬁne algorithm would use short ﬁxation dura-
tion and large saccade amplitude at the start of each trial.
If the target is not found, the model should infer that the
target is not so salient that it can be found using only min-
imal resources, namely by large saccades and short ﬁxa-
tions. It should therefore increase ﬁxation duration and
decrease saccade amplitude. Longer ﬁxation durations
and smaller saccade amplitudes yield possibilities for more
detailed visual analysis. Smaller saccades lead to a smaller
area being analyzed in the same computation time. Longer
ﬁxations lead to more computation time spent in the same
area. In this way, the model’s visual search proceeds at ﬁrst
at a coarse scale and later at increasingly ﬁner scales.
Also in the visual system the coarse-to-ﬁne mechanism is
used. In stereopsis for example, it is generally accepted that
the visual system works in a coarse-to-ﬁne manner (Marr &
Poggio, 1979; Poggio & Poggio, 1984), so that the proba-
bility of false matches is minimized (Mallot, Gillner, &
Arndt, 1996). The oculomotor system is another example
of a system that uses the coarse-to-ﬁne principle. Saccades
often fall short, especially when they are large (Kapoula,
1985). Kapoula and Robinson (1986) suggest this may be
a ‘‘lazy’’ strategy: if ﬁxation near the intended location
yields the information sought, no correction saccade has
to be made, thereby saving energy. However, if the sought
information cannot be found at this location, an additional
saccade has to be made. The initial saccade, which is on a
coarse scale, is then followed by a corrective saccade on a
ﬁner scale. As mentioned before, Scinto et al. (1986) found
coarse-to-ﬁne time courses of ﬁxation duration and saccade
amplitude during a visual search task.
To answer the question how subjects adapt their saccade
amplitude and ﬁxation duration to the demands of the
search task we compared ﬁxation duration and saccade
amplitude from two search experiments. The ﬁrst experi-
ment was a search task for military vehicles in natural,
rural scenes. We assumed it met the conditions required
for varying target conspicuity. The target was a possibly
camouﬂaged military vehicle of unknown type. It was pho-
tographed from an unknown distance and thus its size was
also unknown. The subjects therefore did not know the
exact projection of the target on the retina. The second
experiment was published recently (Vlaskamp et al.,
2005) and was assumed to meet the conditions requiredfor constant target conspicuity. We performed new analy-
ses on this data set.
2. Search experiment with varying target conspicuity
In this experiment we investigate temporal changes in
ﬁxation duration and saccade amplitude when subjects
do not know target conspicuity in advance. We use a data-
base of complex natural images, each containing one mili-
tary vehicle.
2.1. Methods
Apparatus. Eye movements were recorded using an SMI
Eyelink I system. A camera, attached to a headband, was
placed in front of the left eye of the subject. Although view-
ing was binocular, only movements of the left eye were
recorded. Stimuli were presented with Matlab for Mac
OS 9 on a LaCie 22 0 0 monitor (1600 · 1200 pixels). Eye
movement recording was controlled by means of the Eye-
link Toolbox for Matlab (Cornelissen, Peters, & Palmer,
2002). The eye movement data were analyzed oﬀ-line.
Stimulus. TNO Human Factors in Soesterberg (the
Netherlands) provided the original 44 scenes (6144 · 4096
pixels, 16.7 million colors) used in this experiment. For
more detailed information about the scenes see Toet, Bijl,
Kooi, and Valeton (1998). We selected 136 cutouts of the
scenes. The cutouts consisted of 1600 · 1067 pixels. Each
cutout contained one of nine possible military vehicles.
See Fig. 1 for a stimulus example.
Procedure. Subjects sat at a distance of 50 cm from the
monitor. A chinrest restricted head movements. The room
was darkened. The 136 cutouts were presented in two ses-
sions. The second session followed within ﬁfteen minutes
after completing the ﬁrst session. Each session started with
the calibration of the eye tracking system. Each trial started
with a drift correction of the eye tracker based on a single
ﬁxation in order to maintain accurate eye movement
recording throughout the session. The stimulus appeared
immediately after drift correction. Search always started
in the center of the search display since the ﬁxation point
for drift correction was presented in the center of the
screen. Subjects searched the display until they found the
target. The trial was ended if they did not ﬁnd the target
within 30 s. If subjects did ﬁnd the target, they were
instructed to maintain their eyes ﬁxated on the target and
to press the space bar to terminate the trial.
Eye movement analysis. Saccades were detected with a
velocity threshold of 30/s. Following saccade detection
our Matlab program searched back and forth until the
velocity was two standard deviations higher than the veloc-
ity during ﬁxation, as in Van der Steen and Bruno (1995).
Saccades with amplitudes smaller than 0.5 were discarded.
If a small saccade was removed, the ﬁxation before and the
one after this saccade were added together. Fixations
shorter than 20 ms were also discarded. The last saccade
before and the ﬁrst saccade after such a removed ﬁxation
Fig. 1. Example of a stimulus in the search experiment with varying target conspicuity. Target conspicuity in this example is relatively high.
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indicating the target position, was excluded from analysis.
Subjects. Twenty-one civilian subjects participated in the
coarse-to-ﬁne experiment. One of the authors (IH) served
as a subject. The other subjects were naı¨ve with respect
to the goals of this experiment. All subjects had normal
vision. The subjects gave their informed consent. The
experiment was conducted in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki.
2.2. Results
The total number of recorded trials was 2856 (21 sub-
jects · 136 stimuli). We analyzed ﬁxation duration and sac-
cade amplitude in all trials combined. Means and standard
errors of the means for both ﬁxation duration and saccade
amplitude were computed as a function of their ordinal
number in the trial. We analyzed only ordinal numbers
of ﬁxations and saccades for which a large amount of data
was available. Our (arbitrary) choice for this amount was
that at least ﬁve percent of the total number of trials should
contain the ordinal number of ﬁxations and saccades. Five
percent of the total 2856 trials consisted of at least 88 sac-
cades. We therefore analyzed ﬁxation duration and saccade
amplitude up to ordinal number 88. Fig. 2 shows the time
course of ﬁxation duration and saccade amplitude up to
ﬁxation and saccade number 88. The number of data
decreases with ordinal number: there is a ﬁrst ﬁxation in
every trial, but only 5% of the trials have as much as 88 ﬁx-
ations. This decreasing amount of data with ordinal num-
ber is one of the reasons for increasing standard error of
the means with ordinal number.
Fixation duration. We expected to ﬁnd increasing ﬁxa-
tion duration as a function of ordinal ﬁxation number, cor-
responding to the coarse-to-ﬁne search strategy. Meanduration of the ﬁrst ﬁxation was 215 ms. From the second
ﬁxation, with a mean duration of 173 ms, mean duration
increased by 43% to 248 ms after about 30 ﬁxations, and
by 46% to 252 ms after about 80 ﬁxations. The maximum
diﬀerence between the second and later ﬁxation durations
was about 80 ms. Summarizing, ﬁxation duration generally
increased with trial duration (Fig. 2a). Antes (1974) and
Unema, Pannasch, Joos, and Velichkovsky (2005) also
found this increase during picture viewing. A diﬀerence
between our analysis and the analyses of Antes and Unema
et al. is that we set apart the ﬁrst ﬁxation. We found a sig-
niﬁcantly longer duration for the ﬁrst ﬁxation. This result
has been reported before (Hooge & Erkelens, 1996; Van
Loon, Hooge, & Van den Berg, 2002). Antes analyzed ﬁx-
ations in tenths of the total number of ﬁxations, and
Unema et al. analyzed ﬁxation duration as a function of
elapsed time. Thus, in those two experiments the ﬁrst ﬁxa-
tion is taken together with other ﬁxations in the ﬁrst bin.
Therefore, if the ﬁrst ﬁxation duration would be longer
than the next few, this eﬀect would be cancelled out by con-
secutive ﬁxations in the ﬁrst bin.
Saccade amplitude. We expected to ﬁnd decreasing sac-
cade amplitudes as a function of ordinal saccade number,
corresponding to the coarse-to-ﬁne search strategy. Mean
amplitude of the ﬁrst saccade was 5.9. Mean amplitude
slightly increased from the second saccade (7.7) to the
ninth saccade (8.1). From the ninth saccade, mean ampli-
tude decreased by 26% to 6.0 after about 30 saccades and
by 35% to 5.3 after about 80 saccades.
Both ﬁxation duration and saccade amplitude showed
time courses that correspond to the coarse-to-ﬁne strategy.
However, the strategy may not be the only cause for the
coarse-to-ﬁne time courses. It is possible that the size of
the targets caused some of the coarse-to-ﬁne characteristics
found in the time courses of ﬁxation duration and saccade
Fig. 2. Mean ﬁxation duration as a function of ordinal ﬁxation number (a), and mean saccade amplitude as a function of ordinal saccade number (b), for
varying target conspicuity. Error bars depict standard errors of the means.
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small targets. However, the correlation between target size
in pixels and median search time per subject (the time at
which a subject had found 50% of the targets) was 0.10.
This indicates only a minor contribution of target size to
the coarse-to-ﬁne characteristics. To see whether these
coarse-to-ﬁne time courses were due to the fact that there
were diﬀerent target conspicuities, we split the data set in
two equally large parts. One part contained the trials hav-
ing less than twelve ﬁxations (conspicuous targets); the
other part contained the other trials (inconspicuous tar-
gets). In both parts, the coarse-to-ﬁne time courses of ﬁxa-
tion duration as well as saccade amplitude were present.
This fact yielded evidence for only a minor or even absent
inﬂuence of target conspicuity on the coarse-to-ﬁne time
courses. Summarizing, ﬁxation duration and saccade
amplitude showed coarse-to-ﬁne time courses. The eﬀects
in both time courses were larger than the standard errors
of the means.3. Search experiment with constant target conspicuity
In this experiment we investigate temporal changes in
ﬁxation duration and saccade amplitude when subjects
know target conspicuity in advance. We use a eye move-
ment database from a recently published experiment
(Vlaskamp et al., 2005) of search for a closed square among
squares with a gap in one of the four edges.Fig. 3. Example of a stimulus in the search experiment with constant
target conspicuity. This stimulus was used in the condition with gap size
0.28 and 36 elements.3.1. Methods
Apparatus. An Apple G3 generated the stimuli, which
were presented on a Sony Trinitron 19 0 0 monitor
(1024 · 768 pixels). Otherwise, the apparatus was identical
to the apparatus in the experiment with varying target
conspicuity.
Stimulus. Each search display contained one closed
square (the target) among squares with a gap in one of
the four edges (the distracters). The elements consisted oflines with a width of 1/12 of their length (0.475). The size
of all elements (target and distracters) was 0.57 · 0.57.
Elements were white and the background was black. All
elements were placed on an imaginary hexagonal grid of
37 · 31. The target was randomly positioned at one of
the grid locations. See Fig. 3 for a stimulus example.
The experiment consisted of twelve conditions: four ele-
ment spacings combined with three gap sizes of the
distracters. The four diﬀerent element spacings were the
result of putting diﬀerent numbers of elements (36, 64,
100 and 144) in the search display while keeping the display
size constant. Accordingly, the minimum distance between
elements (center-to-center) in a display was 7.1, 5.2, 4.1
or 3.4. The three gap sizes measured 0.09, 0.19 and
0.28. All gap sizes were large enough so that the target
could be clearly discerned from a distracter when ﬁxated.
Distracters in a single condition all had the same gap size.
Procedure. Conditions diﬀered in their number of trials.
The numbers of trials were determined at 100, 75, 50 and
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These numbers were chosen so that a more or less equal
number of eye movements would be acquired for each con-
dition. The conditions were presented in blocks. The ﬁrst
10% of trials in each condition were considered practice tri-
als. Subjects sat at a distance of 41 cm from the monitor.
Further, the procedure was identical to the procedure in
the experiment with varying target conspicuity.
Eye movement analysis. Eye movement analysis was
identical to analysis in the experiment with varying target
conspicuity, except for the value of some parameters: (1)
saccades were detected with a velocity threshold of 50/s,
(2) saccades with amplitudes smaller than 0.1 were
removed from the analysis, and (3) ﬁxations shorter than
50 ms were removed from further analysis.
Subjects. Five subjects participated in all conditions.
Three of the subjects are also authors (BV, EO and IH,
all male). The other two subjects (one male and one female)
were naı¨ve with respect to the goals of this experiment. All
subjects were between 19 and 35 years old and had normal
vision. The subjects gave their informed consent. The
experiment was conducted in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki.3.2. Results
Fig. 4 shows mean ﬁxation duration and mean saccade
amplitude, computed similarly as for Fig. 2, as a function
of ordinal ﬁxation/saccade, and for all twelve conditions.
The plots also show the line of linear regression from the
second to the last ﬁxation/saccade. In all conditions but
one, ﬁxation duration increases with the ordinal ﬁxation
number. All conditions show decreasing saccade amplitude
with ordinal saccade number. For a direct comparison of
the relative increases/decreases in this experiment to those
in the varying-conspicuity experiment, the time courses ofFig. 4. Mean ﬁxation duration as a function of ordinal ﬁxation number (a), an
constant target conspicuity. Both (a) and (b) are plotted for the 12 diﬀerent cthe twelve diﬀerent conditions need to be combined. Pre-
ceding this combination, we normalized ﬁxation duration
and saccade amplitude to their means per condition. We
did this because it was shown in a previous study (Vlask-
amp et al., 2005) that the conditions yielded diﬀerent mean
saccade amplitude and ﬁxation duration. Fixation duration
means ranged from 149 ms (medium gap and largest inter-
element distance) to 170 ms (smallest gap and inter-element
distance). Saccade amplitude means ranged from 5.16
(smallest gap and inter-element distance) to 10.95 (largest
gap and inter-element distance). The total amount of trials
was 1250 (5 subjects · (100 + 75 + 50 + 25) stimuli). As in
the experiment with varying target conspicuity, we ana-
lyzed only ordinal numbers of ﬁxations and saccades for
which at least ﬁve percent of the total number of trials con-
tained data. Five percent of the total 1250 trials consisted
of more than 131 saccades. Fig. 5 shows the time course
of ﬁxation duration and saccade amplitude up to ﬁxation
and saccade number 131 for the twelve conditions together.
Fixation duration. We expected to ﬁnd constant ﬁxation
duration as a function of ordinal ﬁxation number, corre-
sponding to the constant-parameter hypothesis. Fixation
duration was not constant as had been hypothesized but
instead generally increased with each next ﬁxation during
one trial. Mean normalized duration of the ﬁrst ﬁxation
was 1.17. Thus, as we also found in the experiment with
varying target conspicuity, the ﬁrst ﬁxation has a relatively
long duration. From the second ﬁxation, with a mean nor-
malized duration of 0.85, mean normalized duration
increased by 16% to 0.99 after about 30 ﬁxations and by
18% to 1.0 after about 80 ﬁxations.
Saccade amplitude. We expected to ﬁnd constant saccade
amplitude as a function of ordinal ﬁxation number, corre-
sponding to the constant-parameter hypothesis. Mean nor-
malized amplitude of the ﬁrst saccade was 1.36, and of the
second saccade 1.26. From the third saccade (1.09) to thed mean saccade amplitude as a function of ordinal saccade number (b), for
onditions.
Fig. 5. Mean normalized ﬁxation duration as a function of ordinal ﬁxation number (a), and mean normalized saccade amplitude as a function of ordinal
saccade number (b), for constant target conspicuity. Error bars depict standard errors of the means.
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increased. From the eighth saccade mean normalized
amplitude decreased by 17% to 0.97 after about 30 sac-
cades and by 23% to 0.96 after about 80 saccades. A pos-
sible explanation for the fact that the ﬁrst and second
saccades are relatively large is that they are repositioning
saccades. Subjects might for example start the search with
the element in the upper left corner of the screen. Their ﬁrst
saccade would then be about half the size of the diagonal of
the screen.
We conclude that even when target conspicuity was
known in advance, both ﬁxation duration and saccade
amplitude showed coarse-to-ﬁne time courses. The
coarse-to-ﬁne eﬀects in both time courses were larger than
the standard errors of the means.
4. Discussion
In this study, two experiments were conducted to
explore the inﬂuence on eye movement parameters of the
fact that target conspicuity was either constant or varied.
The ﬁrst experiment was a search experiment for (possibly
camouﬂaged) military vehicles in natural backgrounds. The
type, size and orientation of the targets and the rural back-
ground were unknown to the subjects in advance. In the
second experiment the exact appearance of the target was
known, as were its surroundings (a ﬁxed grid of distract-
ers). In both experiments we examined the time courses
of ﬁxation duration and saccade amplitude. It was expected
that the ﬁrst experiment (with varying target conspicuity)
would show coarse-to-ﬁne time courses for both parame-
ters. In the second experiment (with constant target conspi-
cuity) constant ﬁxation duration and saccade amplitude
were expected.
In the experiment with varying target conspicuity, we
found a coarse-to-ﬁne strategy as predicted by Scinto
et al. (1986). They proposed that the increase of ﬁxation
duration and decrease of saccade amplitude with viewingtime should be considered as a strategic adaptation to the
demands of the task. Our study showed that this is clearly
not the case. If Scinto’s proposal had been correct, we
would have found constant ﬁxation duration and constant
saccade amplitude in the experiment with constant target
conspicuity; there was no need to adapt in this experiment
since target conspicuity was exactly known in advance of
each trial. What we found in this experiment with constant
target conspicuity however, was also a coarse-to-ﬁne strat-
egy, although to a lesser extent, especially for ﬁxation dura-
tion: After about 80 saccades/ﬁxations, ﬁxation duration
was increased with 46% and saccade amplitude decreased
with 35% in the varying-conspicuity experiment, compared
to an increase of ﬁxation duration by 18% and a decrease
of saccade amplitude by 23% in the constant-conspicuity
experiment (see also Figs. 2 and 5). Thus, even in search
conditions that were fully known a priori, the coarse-to-
ﬁne strategy in eye movement behavior was nevertheless
present. The reason that not many other studies reported
coarse-to-ﬁne time courses of saccade amplitude and ﬁxa-
tion duration is that most of those studies usually involve
fairly short trials (<10 saccades), which makes it impossible
to identify eﬀects that appear only after many saccades. An
example of such a study is the study by Najemnik and
Geisler (2005). They investigated eye movement strategies
in even more extreme conditions than our constant conspi-
cuity experiment: Their model of an ideal observer ‘‘uses
precise knowledge about the statistics of the scenes . . .
and about its own visual system’’ (page 387), which is much
more than mere a priori knowledge about just the conspi-
cuity of the target. Under these conditions one has even
more reason to expect ﬂat time courses for ﬁxation dura-
tion and saccade amplitude. They found that human
observers performed nearly as well as the ideal observer.
Unfortunately, they only analyzed the number of ﬁxations
needed to ﬁnd the target, and the total distribution of sac-
cade amplitudes. They did not analyze time courses, prob-
ably because the trials were all pretty short (the number of
E.A.B. Over et al. / Vision Research 47 (2007) 2272–2280 2279ﬁxations per trial rarely exceeded 15). Neither did they ana-
lyze ﬁxation duration. It would certainly be interesting to
analyze the time courses of saccade amplitude and ﬁxation
duration (if it can be added to their model) and see whether
these are coarse-to-ﬁne, too. The conditions must need to
be such then that far more than 15 saccades are needed
to ﬁnd the target.
Coarse-to-ﬁne time courses of ﬁxation duration and sac-
cade amplitude are not only found in visual search. A num-
ber of studies have shown that ﬁxation durations increase
and saccade amplitudes decrease during free picture view-
ing. A classical example has been described by Buswell
(1935). Antes (1974) also investigated the time courses of
ﬁxation duration and saccade amplitude. Although his
analysis was slightly diﬀerent, his results are comparable
to our results. He also found increasing ﬁxation duration
and decreasing saccade amplitude with viewing time. He
suggested that the amount of ‘‘informativeness’’ of ﬁxated
parts of the stimulus may inﬂuence ﬁxation duration: less
informative parts are ﬁxated late in the time course, and
may require longer visual processing time. Our experiment
with constant target conspicuity yielded results that contra-
dict this suggestion, since all parts in our stimuli are equally
informative. Unema et al. (2005) also found coarse-to-ﬁne
time courses of ﬁxation duration and saccade amplitude
during picture viewing, but oﬀered no explanation for the
nature of these time courses.
One possible reason for deploying coarse-to-ﬁne eye
movement behavior, even when this type of behavior is
suboptimal, is that in daily life the conspicuity of objects
that have to be found is usually not exactly known. The
reason for this is that the visual environment is much more
complex than the stimuli of a laboratory experiment. On
average, it will then be proﬁtable to use a coarse-to-ﬁne
eye movement strategy since in the majority of cases that
strategy will yield the best results. An object with high con-
spicuity can be found quickly and with minimal eﬀort, and
if the object has low conspicuity only little time is lost with
searching for a possibly easy to ﬁnd target. In the experi-
ment with constant target conspicuity, subjects knew in
advance of each trial the exact conspicuity of the target.
This means that the conditions allowed the use of optimal
settings for their ﬁxation duration and saccade amplitude.
However, they did not do that. Araujo, Kowler, and Pavel
(2001) also found that (ﬁve out of six) subjects used subop-
timal strategies for making eye movements in visual search.
Subjects were cued to the location that contained the target
with high probability (80%), but the cue was often ignored.
Araujo et al. (2001) proposed four reasons for this subop-
timal behavior: (1) decision strategies that failed to recog-
nize the signiﬁcance of probability cues, (2) built-in
preferences to minimize eﬀortful saccadic planning, (3)
attraction of attention and saccades to nearby locations,
and (4) initiation of saccades while attention remained
divided. All four reasons act to facilitate an initial rapid
scanning of a series of locations, which is how coarse-to-
ﬁne strategies start.Another reason for deploying coarse-to-ﬁne eye move-
ment behavior is that there may be a coarse-to-ﬁne basis
within the visual system. There is physiological evidence
for the connection between fast-to-slow signals and
coarse-to-ﬁne structures in the visual system. Weng, Yeh,
Stoelzel, and Alonso (2005) showed that large receptive
ﬁelds have shorter response latencies than small receptive
ﬁelds. The ﬁrst signals that arrive in the visual cortex are
therefore ‘‘coarse’’ signals.
Our evidence for omnipresent coarse-to-ﬁne time
courses of ﬁxation duration and saccade amplitude may
have consequences for the interpretation of adaptation
and learning studies. The eﬀects measured in these studies
should probably be corrected for the ‘‘adaptation’’ or
‘‘learning’’ that we found to be inherently present. The term
‘‘learning’’ implies an active improvement of behavior.
However, part of such an improvement could also be due
to a built-in coarse-to-ﬁne mechanism. The coarse-to-ﬁne
eye movement behavior further shows that it may be incor-
rect to report only means of ﬁxation duration and saccade
amplitude in eye movement studies. We showed that means
also depend on the length of scan paths, because mean ﬁx-
ation duration increased and mean saccade amplitude
decreased with viewing time. Concluding, considering (1)
the fact that we did not ﬁnd constant ﬁxation duration or
constant saccade amplitude when target conspicuity does
not change between trials, (2) the presence of coarse-to-ﬁne
eye movement strategy in plain viewing, and (3) some phys-
iological evidence, we suggest that the visual system makes
use of an intrinsic coarse-to-ﬁne mechanism.References
Antes, J. R. (1974). The time course of picture viewing. Journal of
Experimental Psychology, 103(1), 62–70.
Araujo, C., Kowler, E., & Pavel, M. (2001). Eye movements during visual
search: the costs of choosing the optimal path. Vision Research, 41(25-
26), 3613–3625.
Atiquzzaman, M. (1999). Coarse-to-ﬁne search technique to detect circles
in images. International Journal of Advanced Manufacturing Technol-
ogy, 15, 96–102.
Bullimore, M. A., & Bailey, I. L. (1995). Reading and eye movements in
age-related maculopathy. Optometry and Vision Science, 72(2),
125–138.
Buswell, G. (1935). How people look at pictures. Chicago: University of
Chicago Press.
Cornelissen, F. W., Peters, E. M., & Palmer, J. (2002). The eyelink toolbox:
Eye tracking with MATLAB and the psychophysics toolbox. Behavior,
Research Methods, Instruments, & Computers, 34(34), 613–617.
Das, S., & Ahuja, N. (1996). Active surface estimation: integrating coarse-
to-ﬁne image acquisition and estimation from multiple cues. Artiﬁcial
Intelligence, 83(2), 241–266.
Davis, E. T., & Palmer, J. (2004). Visual search and attention: An
overview. Spatial Vision, 17(4-5), 249–255.
Engel, F. L. (1971). Visual conspicuity, directed attention and retinal
locus. Vision Research, 11(6), 563–576.
Fleuret, F., & Geman, D. (2001). Coarse-to-ﬁne face detection. Interna-
tional Journal of Computer Vision, 41(1-2), 85–107.
Gu, Y.-H., & Tjahjadi, T. (2000). Coarse-to-ﬁne planar object identiﬁca-
tion using invariant curve features and B-spline modeling. Pattern
Recognition, 33(9), 1411–1422.
2280 E.A.B. Over et al. / Vision Research 47 (2007) 2272–2280Harris, C. M., Hainline, L., Abramov, I., Lemerise, E., & Camenzuli, C.
(1988). The distribution of ﬁxation durations in infants and naive
adults. Vision Research, 28(3), 419–432.
Hooge, I. T. C., & Erkelens, C. J. (1996). Control of ﬁxation duration in a
simple search task. Perception & Psychophysics, 58(7), 969–976.
Hooge, I. T. C., & Erkelens, C. J. (1998). Adjustment of ﬁxation duration
in visual search. Vision Research, 38(9), 1295–1302.
Jacobs, A. M. (1986). Eye-movement control in visual search: How direct
is visual span control? Perception & Psychophysics, 39(1), 47–58.
Jacobs, A. M., & O’Regan, J. K. (1987). Spatial and/or temporal
adjustments of scanning behavior to visibility changes. Acta Psycho-
logica, 65(2), 133–146.
Jernajczyk, W., Sobanska, A., Czerwosz, L., & Szatkowska, E. (2005). The
inﬂuence of age and gender on the latency of eye movement in healthy
humans. Journal of Physiology and Pharmacology, 56(Suppl 4), 93–97.
Johnston, D. M. (1965). Search performance as a function of peripheral
acuity. Human Factors, 7(6), 527–535.
Kapoula, Z. (1985). Evidence for a range eﬀect in the saccadic system.
Vision Research, 25(8), 1155–1157.
Kapoula, Z., & Robinson, D. A. (1986). Saccadic undershoot is not
inevitable: Saccades can be accurate. Vision Research, 26(5), 735–743.
Mallot, H. A., Gillner, S., & Arndt, P. A. (1996). Is correspondence search
in human stereo vision a coarse-to-ﬁne process? Biological Cybernetics,
74(2), 95–106.
Marr, D., & Poggio, T. (1979). A computational theory of human stereo
vision. Proceedings of the Royal Society B: Biological Sciences,
204(1156), 301–328.
Megaw, E. D., & Richardson, J. (1979). Target uncertainty and visual
scanning strategies. Human Factors, 21(3), 303–315.
Najemnik, J., & Geisler, W. S. (2005). Optimal eye movement strategies in
visual search. Nature, 434(7031), 387–391.
Poggio, G. F., & Poggio, T. (1984). The analysis of stereopsis. Annual
Review of Neuroscience, 7, 379–412.
Rayner, K. (1998). Eye movements in reading and information processing:
20 years of research. Psychological Bulletin, 124(3), 372–422.Schneiderman, H., & Kanade, T. (2000). A statistical method for 3D
object detection applied to faces and cars. 2000 IEEE Computer
Society Conference on Computer Vision and Pattern Recognition,
1746–1751.
Scinto, L. F., Pillalamarri, R., & Karsh, R. (1986). Cognitive strategies for
visual search. Acta Psychologica, 62(3), 263–292.
Tarel, J.-P., & Boujemaa, N. (1999). A coarse to ﬁne 3D registration
method based on robust fuzzy clustering. Computer Vision and Image
Understanding, 73(1), 14–28.
Toet, A., Bijl, P., Kooi, F. L., & Valeton, J. M. (1998). A high-resolution
image dataset for testing search and detection models (TNO-TM-98-
A020). Soesterberg, The Netherlands: TNO Human Factors Research
Institute.
Unema, P. J. A., Pannasch, S., Joos, M., & Velichkovsky, B. M. (2005).
Time course of information processing during scene perception: The
relationship between saccade amplitude and ﬁxation duration. Visual
Cognition, 12(3), 473–494.
Van der Steen, J., & Bruno, P. (1995). Unequal amplitude saccades
produced by aniseikonic patterns: eﬀects of viewing distance. Vision
Research, 35(23-24), 3459–3471.
Van Loon, E. M., Hooge, I. T. C., & Van den Berg, A. V. (2002). The
timing of sequences of saccades in visual search. Proceedings of the
Royal Society B: Biological Sciences, 269(1500), 1571–1579.
Viviani, P. (1990). Eye movements in visual search: Cognitive, perceptual
and motor control aspects. In E. Kowler (Ed.). Reviews of oculomotor
research: Eye movements and their role in visual and cognitive processes
(vol. 4, pp. 353–393). Amsterdam: Elsevier.
Vlaskamp, B. N. S., Over, E. A. B., & Hooge, I. T. C. (2005). Saccadic
search performance: The eﬀect of element spacing. Experimental Brain
Research, 167(2), 246–259.
Weng, C., Yeh, C. I., Stoelzel, C. R., & Alonso, J. M. (2005). Receptive
ﬁeld size and response latency are correlated within the cat visual
thalamus. Journal of Neurophysiology, 93(6), 3537–3547.
Wolfe, J. M. (1998). Visual search. In H. Pashler (Ed.), Attention. London
UK: University College London Press.
